The Iremendous demands from social market are pushing the development of mobile communications faster than ever hefore, leading to plenty of new techniques emerging. Within those techniques. mobility management has widely been recognized as one of the most important problems for a seamless access to wireless networks and services. This papa proposes a conceptual framework for mobility and mobility management, with the emphasis on the key resesrch issues involved in the effort of a graceful design of mobility management schemes. The effects of 'mobihty on both architectures and protocols of networks and communications are presented. Diversity of the future mobile communication systems inmduces new challenges, which lead to the definitions of mobility on various levels according to different granularities. Mobility management is defined as two complementay operations, i.e. location management and handoff management. The paper also desaibes the mobility management issues at the network layer. The processing stages of the two operations are introduced respectively, together with the analyses of key research issues and possible solutions. Finally, the issues about the performance evaluation of mobility management schemes are discussed.
INTRODUCTION
Various mobile devices, wider transmission bandwidth, "ifold wireless and wired networks, and more powerful appliances' processing capability, together with advances in computing technology have brought more and more miscellaneous services to be delivered with more excellent quality. The mobile personal telecommunications and wireless computer networks are converging in the coming new generation of mobile communications. At present, 3G mobile communication systems are just beginning to be deployed, while research on the fourthgeneration (4G) wireless networks has begun to pave the way for the future. In the near future, more and more Internet services can be smoothly accessed with various mobile devices through the wide deployed wireless networks. Next generation mobile systems need the support of all the advances on new theories, algorithm, architectures, standards, and protocols.
Mobility management has widely been recognized as one of the most important and challenging problems for a seamless access to wireless network5 and mobile services. It is the fundamental technology used to automatically support mobile terminals enjoying their services while simultaneously roaming freely without the disruption of communiwtions. Two main aspects need to be considered in mobility management, i.e. location management (e.g. addressing, location registration and update, tracking and paging, etc.) and handoff management (e.g. handoff nigger and initiation, connection routing, smoothing, etc.). Future mobile communication systems evolve with the Irend of global connectivity through the intemetworking and interoperability of heterogeneous wireless networks. Roaming in such network architectures is a very complex situation and it causes many new problems. The requirement of smooth and adaptive delivery of real-time and multimedia applications makes the design of mobility management scheme more severe a challenge that needs to be carefully and pe*ectly solved with more intensive efforts.
The goal of this paper is to study the basic concepts of mobility and mobility management, with the emphasis on the key research issues involved in the effort of a graceful design of mobility management schemes. An academic analysis of the effects of mobility on network architectures and protocols is presented. Diversity is the key feature of the future mobile systems, which lead to the definitions of mobility of various granularities. Mobility management is defined as two complemenmry operations: location management and handoff management. The importance of network layer on the design of mobility management strategies is presented. The processing stages of the two operations are introduced, along with the discussions of key research issues and possible solutions. The p e r f o m c e evaluation of mobility management schemes is then discussed. This paper is orsanized as follows. Section 2 provides an analysis of the impacts of mobility to both the architectures and the protocols of networks, followed by the diversity of mobile systems as the main feature of the future mobile communications, and various mobility according to different granularities. Section 3 defines two main operations of mobility management, and describes the mobility management issues at the network layer. Section 4 deeply discusses the two operations of mobility management, including location management and handoff management. in which the formal processing procedures are introduced and key research issues and promising solutions are proposed. Section 5 analyses some important issues involved in the performance evaluation of mobility management schemes. Finally, Section 6 concludes the paper.
MOBILITY FOR COMMUNICATIONS

Mobility effects on networks
Mobility affects mobile cammuNcations on all the components, including devices, networks, and services. To a mobile device.
there are some requirements suitable to mobility scenario, e.g. weight, size, power, display. shape, user interface, etc. To a mobile sewice, the most important requimnent is adaptation. A mobile service should be adaptive to different transmission links, different user mobile devices, and different using contexts. Table I . The basic idea behind this is to seamlessly integrate two categories of wireless network technologies together. i.e. those that can provide lowbandwidth over a wide geographic area and those that can provide a high bandwidth over a n m w geographic area. The various cellular techniques consequently cause the complex intercarrier andlor intersystem roaming of a mobile node in a heterogeneous and overlay wireless cellular environment. This is a big challenge to the design of mobility management schemes for the future mobile systems.
Mobile devices should be able to roam within a whole mobile system or between different systems as long as their networks are interconnected. Networks can firstly be classified according to different providers andlor technologies. Then one symmetric network can be further divided into domains, location areas, access p i n t regions, zones of access pints, and logical channels within one access point. Different mobilitv IevelsJwmularities can then be defined accordingly, as follows.
Mega-mobility is the mobility between the netwnrks of different providers or technologies, e.g. satellite to UMTS to WLAN to Bluetooth, etc. 
Macro-mobility is the mobility between different "visited domains" but still within one network. Micro-mobility is the mobility between different "location areas" but still within one visited domain. Mini-mobility is the mobility between different "access point regions" but still within one location area. Pico-mobility is the mobility between different "access points" but still within one access point region.
"to-mobility is the mobility within the zone covered by one access p i n t , where the cell zone can vary from mega-cell down to nano-cell, see Table 1 . One access point may employ several logical channels.
The significance of this division is that different mobility granularities may have different effects on the corresponding mobility management schemes invoked. For example, nanomobility, pico-mobility and mini-mobility often do not need the joint of location update; micro-mobility in a certain domain can limit the location updates into the domain and leave the other domains uninfluenced and unawm; vertical handoff and location management strategies must be involved in case of mobility at mega level, in order to treat network swctures and protocols with the asymmetry.
This division does not mean any direct correspondence with either the cellular division based on cellular size, or the moving speed or range of a mobile device. Instead the division is toolly based on the mobility granularity from the network point of view. For example for a spot in overlay cells of heterogeneous networks, mega-mobility may happen from cell A (e.g. pico-cell) to cell E (e.g. macro-cell) without necessarily moving out of the coverage area of cell A, or it can even be stationary. This is also known as vertical handoff. Pico-mobility handoff may occur in the area overlapped by two contiguous access poinu. Nanomobility a logical handoff may happen between different logical channels in one physical zone.
MOBILITY MANAGEMENT
Mobility management concept
Mobility management is the essential technology that supports roaming users with mobile terminals to enjoy their services through wireless networks when they are moving into a new service m a . Fig. 2 There are still many other asp& concerning the network management of mobility, e.g. mobile QoS and resource management, mobile security and privacy, billing, power management. etc. In this paper we focus mainly on issues in location and handoff management, since these two are the kernel techniques to support seamless roaming of mobile nodes and form the basis of mobile applications. Section 5 discusses the key research issues of the two management types for the future mobile systems in more detail.
Mobility management at network layer
Network layer offers routing for packets from one network to another through independent links according to the destination address. The physical location of a mobile unit can no longer decide its address in a network. Since mobility, modelled as changing node's point of attachment IO the network in Fig. 2 . is essentially an address translation problem, it is naturally best solved at the network layer by changing the routing of datagrams destined to the mobile node to arrive at the new point of attachment [ 2 ] . To implement mobility managemnt at network layer may also shield the upper-level protocols from the nature of the physical medium and make mobility transparent to applications and higher-level protocols.
Currently mobility management at the network layer is mainly addressed in two different communities: the PCS community and the Intemet community. The works in the PCS community focus on the effort on location and handoff management of a cellular phone Besides, many efforts have also been made for the routing strategies of mobile ad-hoc networks in the Internet community [9] . Generally spealdng, the PCS community concerns mainly location management research, while the Internet community focuses mostly on handoff management research. The reason of this difference is that handoff is more important to data service than to voice service. There are also other work focusing on the mobility management at the transpon layer, e.g. TCPNDP protocols over wireless link [IO] .
MOBILITY MANAGEMENT OPERATIONS
In Section 4.1 the operation of mobility management is divided into two related parts, location management and bandoff management. The following in this section discusses the main processes and key research issues included in the two techniques.
No specific design scheme in any specific mobile communication system is introduced here. A survey on different mobility management schemes for PLMN (PCS), wireless ATM, wireless
Intemet (Mobile IP), and satellite networks can be found in [I I].
Location management
Location management equals locating roaming terminals in order to deliver data packets to them despite the fact that their locations may change from time to time. The essence of location management is constituted by the mechanisms for mapping the name of a mobile node to its address. Operations of location management include:
Location registrarion, also h o w as location update or ac-hng, i.e. the procedure that the mobile node infothe network and other nodes of its new location through special messages by updating the corresponding location information entries stored in some databases in the networks.
Location paging, also know as locating or searching. In most cases location information stored in databases is only the approximate position of a mobile device. Location paging is then the procedure that, when calldpackets need to be delivered to the target mobile device, the network tries to find the mobile device's exact locality.
Some key research issues for location management include:
. Paging scheme, i.e. bow to determine the exact location of a mobile node within a limited time. Obviously an adequate tradeoff is needed between time overhead and bandwidth overhead. There are also both static and dynamic schemes for location paging. In static cases paging is simply done IO the whole certain area where the mobile node must be in. For a dynamic method, the main problem is to firstly organize the paging areas into groups and then recognize the best sequence of the separated mas for paging, based on information like distance, probability, moving velocity, etc.
Handoff management
Handoff management equals controlling the change of a mobile node's attachment point to a network in order to maintain connection with the moving node during active data transmission. Operations of handoff management include:
Handoff triggering, i.e. to initiate handoff process according to some conditions. Possible conditions may include e.g. signal strength deterioration, workload overload, bandwidth decrease or insufficiency, new better connection available, cost and quality tradeoff, flow stream characteristic, network topology change, etc. Triggering may even happen according to a user's explicit conml or heuristic advice f " local monitor software. Connection re-establishing, i.e. the process to generate new connection between the mobile node and the new attachment point and/or link channel. The main task of the operation relates to the discovery and assignment of new connection resource. This behaviour may be based on either network-active or mobile-active procedure, depending on which is needed to find the new resource essential to the new establishment of connection.
' Packer routing, i.e. to change the delivering route of the succeeding data to the new connection path after the new connection has been successfully established.
As discussed in Section 3.1. the divenity feature of future mobile communication systems, especially that of the miscellaneous wireless network technologies. causes new challenges to handoff management. Wireless networks vary widely in both serfice capabilities and technological aspens, so no single wireless network technology can fulfil the different requirements on latency, coverage, data rate. and cost. An efficient strategy is necessary for the management of such a wireless overlay architecture and mobility within the framework. In homogeneous environments, traditional horizontd handoff can be employed for intra-technology mobility. In hetcmgcncous environments. vertical handoff should be used for inter-technology mobility. Vertical handoff may be occur either upward (i.e. to a larger cell size and lower bandwidth) or downward (i.e. to a smaller cell size and higher bandwidth), and the mobile device does not necessarily move out of the coverage area of the original cell. Some packet-level QoS p m e t e r s become more important to rea-time multimedia services, including packet latency, packet loss rate, throughput, signalling bandwidth overhead, and device power consumption.
Besides the basic functions that implement the goal of handoff management, there are many other requirements on performance and packet-lc\cl QoS th31 should be cueh~lly tsken intn -IccounI u,hm vine. tu desw or sclen a handoff mansgcmnt scheme. 
EVALUATION OF MOBILITY MANAGEMENT SCHEMES
Simulation-based evaluation method
The performance evaluation of the mobility management schemes of the fuNre mobile communication systems is becoming more and more difficult and complex a task. Future mobile communication systems evolve with the trend of global connectivity through the internetworking and interoperability of heterogeneous wireless networks. Roaming in such a network architectures is vely complex a situation and causes many new problems. The future mobile systems should support a huge numkr of subscriber population with diverse movement modes. The complexity in fuNre mobile networks brings the pdormance evaluation m y new challenges under studied.
& metrics analyzer Fig. 3 . Simulation-based performance evaluation
To current study simulation-based method has gained more attentions and acted as the kemel technique under the assismces of analytical and measurement-based methods. In simulationbased method, simulation model of the target mobile communication system is used for the evaluation. Models for Characterizing workload attributes can also be analytical as used in analytical methods, but other simulation desaiptions exist to describe the workload in a more detailed manner. Evaluation process consists of many well-organized experiments, in which different events are simulated and related data are collected for further analysis. Fig. 3 illustrates the main processes of simulation-based method.
The main challenge of simulation-based method is that to what delails the simulation should k made. The complexity in detailed modeling both target mobile system and workload characteristics can make experiments unfeasible due to the experiment time burst and massive computing power needed. Another problem may be that it's difficult to generalize the results from a series of experiments in one specific mobile system in order to predict the performance parameters of other d a t e d mobile systems.
Simulation modeling issues
The performance of mobility management schemes smngly depends on workload characteristics. Consequently, accurate workload models are needed to specify the different behaviors of subscribers in terms of both user mobility patterns and communication traffic patterns, as illustrated in Fig. 3 . Two user pattems need to be simulated for evaluation experiments. including mobility and lraffic patterns. Mobility models characterize user movement patterns. Traffic models describe the condition of mobile services. The combinations between user units (individual or group) with user behavior patterns (mobility and traffic) lead to different models that are finally used for various evaluation purposes.
There ure many literatures conccming user behavior modeling for various specific scenarios. In [U] a hierarchical use^ mobility model is developed and a hierarchical location prediction algorithm is generated for advance resource reservation and advance optimal mute establishment in wireless ATM networks.
In [13] three basic types of mobility models are pmposed for the analysis of the full range of mobile communications' design issues, including the City Area Model, the Area Zone Model, and the Street Unit Model. [I41 presents a realistic teletraffic modeling framework for personal communications services. The framework captures complex human behaviors and has been validated through analysis of actual call and mobility data. In [I51 a mathematical formulation is developed for systematic tracking of the random movement of a mobile station in a cellular envimnment, which is used to characterize different mobilityrelated traffic parameters. 1161 extends the previous mobility modeling from one or two-dimensional space to threedimensional indoor building environments by considering the proper boundary conditions on each floor and analytically modeling mobility in multi-storey buildings.
For mobility modelling. both analytical and simulation models can be employed to describe the activity of userI's movement.
Analytical mobility models base on simplifying assumptions regarding the movement behaviors of subscribers and can provide performance parameters for simple cases through mathematical calculations. Simulation models consider more detailed and redstic mobility scenario and then can derive valuable solutions for more complex cases. Traffic models need to be studied from both macro and micro points of view. Descriptions of available services are especially important for the future mobile systems where applications can be other data services besides voice call. Micro traffic models are used to characterize incoming and outgoing lraffic of subscribers, i.e. frequency of individual users accessing a certain service, duration of each service using, and lransmitting packet size. New models are needed to describe the impacts of mobility on uaffic models, i.e. the derivations of mobility-related a f f c parameters that usually include e.g. handoff rate parameter, cell residence time, channel holding time.
CONCLUSIONS
Mobility management has widely k e n recognized ils one of the most imporiant and challenging problems for a seamless access to wireless networks and mobile services. This paper makes a general framework for the study of the basic concepts of mobility and mobility management. The impacts of mobility to networks are analysed. Features of the future mobile systems are introduced and mobility of various granularities is discussed. Twd main operations of mobility management are defined as location and handoff managements and the processing stages of the two operations are introduced respectively, together with the discussions of key r e a c h issues and possible solutions. Some important issues involved in the performance evaluation of mobility management scheme are discussed. The conceptual framework constlucted forms a clear layout to outline the research area of mobility management for mobile communications and can direct systematic research on mobility management issues for the future mobile systems.
